Abstract In this study, a cDNA encoding a novel acylCoA:diacylglycerol acyltransferase (DGAT)-like protein is identified and isolated from the diatom microalga Phaeodactylum tricornutum (PtDGAT3). Analysis of the sequence reveals that ptDGAT3 cDNA encodes a protein of 504 amino acids with a molecular mass of 64.5 KDa. The putative ptDGAT3 protein has two catalytic domains: a wax ester synthase-like acyl-CoA acyltransferase domain and a bacteria-specific acyltransferase domain, which shows higher similarity to the DGAT3 of Acinetobacter calcoaceticus than reported DGAT1 or DGAT2 from high plants or algae. Its activity was confirmed by heterologous expression of PtDGAT3 in a neutral lipid-deficient quadruple mutant yeast Saccharomyces cerevisiae H1246. The recombinant yeast restored the formation of a lipid body and displayed a preference to the incorporation of unsaturated C 18 fatty acids into triacyglycerol (TAG). This is the first characterized algal DGAT3 gene, giving further evidence to the occurrence of a DGAT3-mediated TAG biosynthesis pathway.
Introduction
Microalgae are important potential sources of biofuel, especially neutral lipid triacyglycerols (TAG). TAG is synthesized from acyl-CoA through the glycerol 3-phosphate pathway by sequential transfers of fatty acyl chains, catalyzed by acylCoA: diacylglycerol acyltransferase (DGAT). DGAT is known as the rate-limiting enzyme for neutral lipid accumulation.
Three types of DGAT have been documented for acylCoA-dependent formation of TAGs, DGAT1, DGAT2, and DGAT3 (Lung and Weselake 2006) . DGAT 1 and 2 are the major isoforms for TAG synthesis in most organisms (Nykiforuk et al. 2001) , whereas the role of DGAT3 remains to be eliminated. In contrast to membrane-bound DGAT1 and DGAT2, DGAT3 is cytosolic with no membrane-bound regions. The first reported DGAT3 was from Acinetobacter calcoaceticus, harboring two catalytic domains: wax ester synthesis domain and DGAT. It showed a distinctive, catalysis function to known wax synthase, DGAT1 or DGAT2 (Kalscheuer and Steinbüchel 2003) . Additional support is that a peanut DGAT shows 13 % identity with AcDGAT3, implying the existence of the cytosolic DGAT3-mediated TAG synthesis pathway (Saha et al. 2006) .
So far, microalgal DGATs have been characterized by comparative genomics from limited species (Wagner et al. 2010 ). DGAT1 has been characterized from the diatom Phaeodactylum tricornutum (Guihéneuf et al. 2011) ; however DGAT3 has not been experimentally validated. Here, we report the identification and characterization of a novel DGAT3 (PtDGAT3) from the diatom P. tricornutum, of which the function was confirmed in vivo by recombinated expression in the Saccharomyces cerevisiae mutant. Genetic manipulation with such an enzyme has meaningfully improved the fatty acid content of and biofuel production from microalgae. RNA isolation and cDNA synthesis
Materials and methods

Axenic cultures of
The dried mass was frozen in liquid nitrogen and ground with a mortar and pestle into a fine powder; then, total RNA was isolated with the procedure described by Li et al. (2008) . The RNA samples were used for the first-strand cDNA synthesis after being treated with DNaseI to remove DNA. It was synthesized with a reverse transcription polymerase chain reaction kit (Takara) according to the manufacturer's instructions. A 500-μg amount of total RNA was used in a 20-μL reaction system.
Identification and cloning of the PtDGAT3 gene
Complete searches of the DGAT candidates were carried out using available bioinformatics tools in the genome of P. tricornutum using the DGAT sequence (ADV58933.2) of Thalassiosira pseudonana (Bacillariophyceae) as query. A predicted protein (XP_002184474.1) with full-length cDNA sequence encoding 504 amino acids exhibits two conserved domains: a DGAT domain and wax ester synthase-like acylCoA acyltransferase domain. The sequences of the oligonucleotide primers used in this study are shown in Table 1 . The open reading frame encoding for the putative ptDGAT3 was amplified with the PtDGAT3-for primer and PtDGAT3-rev primer, and the first-strand cDNA used as a template. The PtDGAT3 cDNA was cloned by DGAT3-f-HindIII (containing HindIII site) and DGAT3-r-BamHI (containing BamHI site) primers. The obtained fragment was subcloned into the pMD18-T vector with a TA cloning kit (Tiangen, China). Plasmid pMD-18-T-DGAT harboring full-length ptDGAT4 ORF was digested by HindIII and BamHI enzymes. The expected bands were purified using Nucleospin Extract II purification kit and ligated into a HindIII-BamHI-digested pYES2 vector. The sequence orientation and identity were confirmed by sequencing, and the resulting plasmid was designated as pYES-PtDGAT3.
Cells of H1246 were cultivated in YPD medium at 30°C to logarithmic phase and transformed with pYES-PtDGAT3 by poly (ethylene glycol)/lithium acetate method according to the manual. Transformants were selected on synthetic minimal medium (SC-Ura) agar plate. The cells were then induced as described by Robert et al. (2009) and were incubated at 15°C for a further 48 h.
Nile red staining and microscopy
The Nile Red staining method described by Greenspan et al. (1985) was used to visualize the intracellular lipid bodies as an indicator of TAG formation. Aliquots (200 μL) of yeast cultures grown for 48 h were harvested, stained with 2 μL of Nile Red (0.5 mg mL −1 in dimethylsulfoxide), incubated at room temperature for 5 min, and immediately observed by fluorescence microscopy (Nikon, Japan). A filter allowing maximum excitation at 450-490 nm and a 520-nm cutoff filter were used.
Fatty acid analysis
For fatty acid and lipid analyses of yeast, cells were harvested from liquid cultures. Fatty acid methyl esters from total lipids were obtained by transmethylation of the freezedried cells, and total lipids were extracted and analyzed with methylheptadecanoic acid as an internal standard according to the method described by Hsiao et al. (2007) .
Results and discussion
Gene structure and phylogenetic position of PtDGAT3
The PtDGAT3 cDNA with a product of 1,515 bp shows a 100 % identity to the hypothetical mRNA sequence for the predicted protein (XP_002184474) from P. tricornutum. Sequence alignment between PtDGAT3 mRNA and gDNA revealed no intron in PtDGAT3. The predicted protein of PtDGAT3 has 504 amino acids with a molecular mass of 64.5 KDa. Two conserved domains were identified: wax ester acyltransferase and acyl-CoA:diacylglycerol acyltransferase domains. The amino acid sequence shows higher similarity to bacterial multi-domain proteins (YP_003168536.1; YP_005886783.1) especially with the A. calcoaceticus DGAT3 (AE529086), than available putative and validated DGATs of P. tricornutum. Moreover, PtDGAT3 shares a homolog with multi-domain proteins from algae, e.g., Aureococcus (EGB03968.1), implying that DGAT3 protein has a different origin with DGAT1 or DGAT2, and the additional DGAT-mediated TAG biosynthetic pathway distributes phylogetically widely.
Heterologous expression in S. cerevisiae
To verify the function of PtDGAT3, it was expressed heterologously in the S. cerevisiae neutral lipid-deficient quadruple mutant strain H1246. SCY62 was used as positive control and H1246 as negative control. The PtDGAT3 expression mutant rescued the TAG biosynthesis pathway. In addition, Nile Red confirmed the formation of oil bodies whereas no lipid body was observed in H1246
The fluorescent dye Nile Red was used to stain lipid bodies in the quadruple mutant H1246 after transformation (Fig. 1) . As expected, formation of oil bodies was not observed in H1246, and expression of PtDGAT3 restored the ability to form lipid bodies, certificating DGAT activity of this gene.
Fatty acid substrate preferences of PtDGAT3
Polyunsaturated fatty acids were used to assay the substrate preferences of PtDGAT3. In the absence of supplementary fatty acids, the recombinant DGATs utilized the available endogenous diacylglycerol and acyl-CoA pool for acylation at the third position of the glycerol backbone. As analysis of the fatty acid compositions from S. cerevisiae H1246 transformed with pYES-PtDGAT3 and wild yeast Scy62, PtDGAT3 showed a significant preference to endogenous benzeneacetic acid and octadecenoic acid whereas the endogenous DGATs of SCY62 were more selective towards pathalic acid.
In conclusion, we have cloned and characterized a novel DGAT3-like gene (PtDGAT3) from the diatom P. tricornutum. It is the first DGAT3-like protein described thus far from microalgae. In the yeast expression system, PtDGAT3 restored lipid body formation and TAG biosynthesis, with a preference to benzeneacetic acid and octadecenoic acid.
